Abstract: The objective of this study was to determine the effects of live yeast (LY) or yeast derivatives (YD) on gas production (GP), dry matter (DM) disappearance (DMD), fermentation characteristics, and microbial profiles in batch culture. The study was a completely randomized design with a factorial arrangement: 2 media pH × 5 yeasts × 4 dosages. An additional treatment of monensin (Mon) was added as a positive control for each pH level. Media pH was low (5.8) and high (6.5); the yeasts were three LY (LY1-3) and two YD (YD4-5); and doses were 0, 4 × 10 6 , 8 × 10 6 , and 1.6 × 10 7 cfu mL −1 for LY and 0, 15, 30, and 60 mg bottle −1 for YD. Substrate consisted of 10% silage and 90% concentrate (DM basis) and samples were incubated for 24 h. Media pH of 6.5 vs. 5.8, increased (P < 0.01) GP, DMD, and volatile fatty acid (VFA) concentrations but decreased (P < 0.01) NH 3 -N concentration and copy numbers of Ruminococcus albus, Ruminococcus flavefaciens, and Selenomonas ruminantium. Increasing dose of LY2 linearly (P < 0.05) increased DMD. Total VFA concentration was greater with LY2 (P < 0.01) than LY3 and YD5 at pH 6.5. Overall, adding yeast products improved (P < 0.05) DMD at pH 5.8, and increased VFA concentration compared with Mon. These results indicate that in vitro GP and DMD of a high-grain diet varied with source and dose of yeast supplementation. Some yeast products have the potential to improve fermentation of feedlot diets when supplemented at appropriate doses. Augmenter la dose de LY2 de façon linéaire (P < 0,05) a augmenté la DMD. La concentration totale de VFA était plus grande avec LY2 (P < 0,01) que LY3 et YD5 à pH 6,5. De façon générale, ajouter les produits de levures a amélioré (P < 0,05) la DMD à pH 5,8 et a augmenté la concentration de VFA par rapport au Mon. Ces résultats indiquent que les GP et DMD in vitro d'une diète riche en grains variaient selon la source et la dose des
, 8 × 10 6 et 1,6 × 10 7 cfu mL −1 pour LY et 0, 15, 30 et 60 mg bouteille −1 pour les YD. Le substrat consistait d'ensilage à 10 % et concentré à 90 % (selon les DM) et les échantillons ont été incubé pendant 24 h. Le pH de 6,5 c. 5,8 a augmenté (P < 0,01) la GP, la DMD et les concentrations d'acides gras volatils (VFA -« volatile fatty acid »), mais a diminué (P < 0,01) la concentration de NH 3 -N et les nombres de copies de Ruminococcus albus, Ruminococcus flavefaciens et Selenomonas ruminantium. Augmenter la dose de LY2 de façon linéaire (P < 0,05) a augmenté la DMD. La concentration totale de VFA était plus grande avec LY2 (P < 0,01) que LY3 et YD5 à pH 6,5. De façon générale, ajouter les produits de levures a amélioré (P < 0,05) la DMD à pH 5,8 et a augmenté la concentration de VFA par rapport au Mon. Ces résultats indiquent que les GP et DMD in vitro d'une diète riche en grains variaient selon la source et la dose des
Introduction
Yeast products are increasingly used in ruminant nutrition as feed additives to improve animal health and production efficiency. Saccharomyces cerevisiae is one of the most widely used yeast products for ruminants and can increase dry matter (DM) intake, feed efficiency (Galvao et al. 2005) , milk production (Stella et al. 2007) , and stimulate immune activity (Molist et al. 2014) . Yeast (S. cerevisiae) affects ruminal microbial populations, which influences feed degradation and supply of nutrients. Commercial yeast products (S. cerevisiae) are generally categorized as active dried yeast, also known as live yeast (LY), which contains viable cells >10 billion colony-forming units (cfu g −1 ), or yeast cultures and derivatives (YD) that contain nonviable yeast plus culture medium. Yeast derivatives are usually defined by their biochemical constituents such as percentages of mannans, β-glucans, or nucleotides. Live yeast is fed for the metabolic activity of the yeast, whereas YD is fed for the metabolic effects of the nutrients supplied. The mode of action of LY on rumen fermentation is proposed to scavenge oxygen, thus stimulating the growth of anaerobic bacteria, which increases fibre digestion in the rumen (Newbold et al. 1995) . The LY can also stabilize ruminal pH by reducing lactic acid producers and stimulating lactic acid utilizers, and thus alleviating incidence of subacute rumen acidosis. Yeast derivatives, including yeast cell wall components, are promising alternatives to antibiotics for promotion of health and performance of livestock. The mode of action of YD on rumen fermentation is suggested to provide growth factors such as B vitamins, organic acids, peptides, and amino acids for microbes (Chaucheyras-Durand et al. 2008) . Yeast derivatives that are hydrolysed and enriched in glucans and mannans have a prebiotic effect, and they can be effective in stimulating rumen fermentation (Oeztuerk 2009 ). Therefore, yeast may exhibit prebiotic effects in addition to the well-documented probiotic effects.
There is now substantial evidence that including yeast products in dairy diets can improve milk production and feed efficiency (Galvao et al. 2005; Stella et al. 2007 ), but the evidence for cost-effective use of yeast products in beef cattle diets is less extensive. In growing cattle, there has been considerable variability in responses to yeast addition amongst studies due to differences in basal diet, dietary ingredients, products used, and levels of inclusion (Beauchemin et al. 2006 ).
The positive responses in animal performance may be due to the effect of yeast on altering ruminal fermentation. Williams et al. (1991) reported a rumen pH stabilizing effect of LY in dairy cows fed a mixed diet of hay and barley; however, it is not known whether feeding yeast products can improve ruminal fermentation when ruminants are experiencing rumen acidosis. Positive effects of yeast on rumen fibre degradation have also been documented (Callaway and Martin 1997; Lila et al. 2004) . Pinloche et al. (2013) demonstrated an increase of total volatile fatty acid (VFA) and propionate concentrations and a decrease of ammoniacal nitrogen (NH 3 -N) concentration in the rumen of cattle by adding LY to the diet in a dosedependent manner. However, the results of supplementing yeast on rumen fermentation in in vitro and in vivo studies have not been consistent in the literature, possibly due to differences in strain of yeast, viability, dose, type of feed, and experimental protocol. The effectiveness of yeast as a probiotic is strain specific and dose-dependent. Thus, there is a need for standardization of dosage, strain specificity, and viability of yeast products to increase the effectiveness of using these products in commercial ruminant production (Vohra and Satyanarayana 2012) .
The objective of this study was to evaluate effects of supplementing a high-grain (HG) diet with five yeast products including three strains of LY and two YD at varying doses (from low to high) using two media pH conditions (5.8 and 6.5) on in vitro gas production (GP), DM disappearance (DMD), fermentation characteristics, and bacterial profiles. We hypothesized that the effects of yeast supplementation on ruminal fermentation would be affected by strain and dosage of yeast as well as fermentation pH, and adding yeast would improve ruminal fermentation during subacute acidosis (pH ≤ 6.0).
Materials and Methods

Yeast products
The five yeast products included three LY [S. cerevisiae; LY1 (strain #1242), LY2 (MUCL39865), and LY3 (strain #407)] and two YD (YD4, Pichia Jadinii and YD5, strain #407). The YD4 (PO24) was a cell wall product derived from the Torula (Candida utilis) strain NRRL1084, and the YD5 was a derivative product from S. cerevisiae strain #407. The samples of yeast products were provided by AB Vista (Marlborough, UK). Number of viable yeast cells was measured as yeast colonies (cfu g −1 ), which were enumerated using a spread plate method with potato dextrose agar as media. Briefly, 5 g of LY was suspended in 45 mL of sterile phosphate-buffered saline and shaken for 15 min at 150 rev min −1 and 39°C. Incubation and shaking were conducted to activate the yeast. Serial dilutions were made up to 10 −8 using tubes containing 9 mL of sterile phosphate-buffered saline. Quadruplicate sterile petri plates were inoculated with 0.1 mL of the appropriate dilution of LY suspension. Sterile molten potato dextrose agar (25 mL and 45°C) was added to each plate containing the inoculum and gently swirled to spread the inoculum. Plates were allowed to solidify at room temperature and incubated at 30°C for 3 d. Colonies were then counted and cfu g −1 was determined based on colonies counted, dilution, and inoculum size.
Experimental design, substrate, and inoculum
The experiment was a complete randomized design with a factorial arrangement of treatments: 2 media pH (5.8 and 6.5) × 5 yeast products (LY1, LY2, LY3, YD4, and YD5) × 4 dosages with 3 replications (bottles) per treatment. The study was repeated in two runs (batches . The substrate was a HG diet consisting of 10% barley silage, 87% dry-rolled barley grain, and 3% vitamin and minerals (DM basis). The diet was ground through a 1 mm screen. Rumen inoculum was obtained from two ruminally fistulated beef heifers fed a diet consisting of 25% barley silage and 75% concentrate. Nutrient composition of the diet was 12.5% crude protein, 24.9% neutral detergent fibre, and 46.2% starch (DM basis). A total mixed ration was prepared daily using a feed mixer (Data Ranger, American Calan Inc., Northwood, NH, USA) and offered twice daily (morning and afternoon). All animal procedures followed the guidelines of the Canadian Council on Animal Care (2009).
Batch culture procedures
The incubations were performed in triplicate using glass bottles (125 mL) with rubber stoppers and aluminum caps. Approximately 0.75 g of ground substrate was weighed into acetone-washed and preweighed filter bags (F57; Ankom Technology, Macedon, NY, USA). The LY, YD, or Mon were simultaneously added into the bottles using the assigned dose. Buffer was prepared fresh and warmed at 39°C in a water bath. Buffer (45 mL) and strained rumen fluid (15 mL) were added into each bottle and bottles were purged with carbon dioxide to remove air from the headspace. The low (5.8) and high (6.5) media pH were achieved by adjusting the volume of sodium bicarbonate in the buffer solution. Three additional substrate-free bottles containing the same fermentation media without additives were used as blanks at each media pH level.
Ruminal contents were collected 2 h after the morning feeding from various locations within the rumen, composited, and squeezed through PeCAP® polyester screen (pore size 355 μm; B. & S. H. Thompson, Ville Mont-Royal, QC, Canada). The pH of ruminal fluid was measured immediately with a pH meter (B20PI, SympHony Benchtop Meters; VWR, Edmonton, AB, Canada) and was 5.80 and 5.83, respectively, for the first and second run. The strained ruminal fluid was immediately transferred to the laboratory in an insulated, air tight container and kept at 39°C in a water bath. Rumen fluid was restrained through four layers of cheesecloth to remove any contaminating particles that could have interfered with dispensation of rumen fluid into the serum bottles.
After adding medium and yeast products, the bottles were immediately sealed with rubber stoppers and aluminum caps, shaken and placed in an incubator at 39°C. The volume of GP was measured at 3, 6, 9, 12, and 24 h of incubation using a pressure transducer (model PX4200-015GI, Omega Engineering, Inc., Laval, QC, Canada) with a 23 gauge needle (0.6 mm) through rubber stoppers. Pressure values, corrected for the amount of substrate DM incubated and the gas released from the negative control were used to generate volume estimates using the equation of Mauricio et al. (1999): Gas volume = 0.18 + ð3.697 × gas pressureÞ + ð0.0824 × gas pressure 2 Þ
The kinetic parameters of GP were calculated using the equation of France et al. (2000) as:
where y is the cumulative volume of gas produced at time; a is the asymptotic GP (mL g −1 DM); c is the rate constant of GP (% h −1 ), and lag (h) is the discrete lag time prior to gas produced. Incubation bottles were placed on ice to stop fermentation after 24 h of incubation. A sample of the fermentation liquid (5 mL) from each bottle was collected and preserved with 1 mL of metaphosphoric acid (25%, w/v) for determining VFA profile, and 1 mL of sulfuric acid (1%, v/v) for determining NH 3 -N concentration. The samples were subsequently stored frozen at −20°C until analyzed. An additional 15 mL of the fermentation liquid was collected from each bottle, pooled, and frozen immediately using liquid nitrogen for the preparation of DNA extraction.
Bacterial DNA extraction and reverse transcription polymerase chain reaction (PCR) analysis Total DNA was extracted from freeze-dried residues (50 mg) using a Qiagen QIAamp Fast DNA Stool Mini Kit (Qiagen Inc., Hilden, Germany) according to the manufacturer's instructions with minor modifications as outlined by He et al. (2015) . Bacteria were lysed at 95°C for 5 min and centrifuged at 14 000g for 5 min. The supernatant was separated and saved at 5°C for later analysis. Remaining pellets were reconstituted with 1.4 mL of potassium phosphate buffer, containing 100 μL of lysozyme and 10 μL of mutanolysin, and then incubated at 37°C for 30 min. Twenty microliters of proteinase K was added subsequently and samples were incubated at 37°C for 1 h. Samples were subjected to a bead beater (300 rev min −1 ) for 3 min and centrifuged at 14 000g for 1 min. The supernatant containing DNA from corresponding residues was pooled with the first supernatant, extracted and purified according to the manufacturer's instructions. The concentration of total DNA was measured using a Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen Canada Inc., Burlington, ON, Canada) with a Versa Fluor Fluorometer (BioRad Laboratories Inc., Mississauga, ON, Canada). Extracted and purified DNA (20 ng) were analyzed using real-time PCR to quantify 16s rRNA copied from total bacteria and sequences specific to Fibrobacter succinogenes, Prevotella bryantii, Ruminobacter amylophilus, Ruminococcus albus, Ruminococcus flavefaciens, Selenomonas ruminantium, and Streptococcus bovis. Primers and standards used in this PCR and the procedures were as described by Wang et al. (2009) .
Chemical analyses
Substrate was analyzed for DM (AOAC 2005; method 930.15) . Concentrations of VFA were quantified using a gas chromatograph (model 5890, Hewlett-Packard Labs, Palo Alto, CA, USA) with a capillary column (30 m by 0.32 mm i.d.; 1 μm phase thickness; Zebron ZB-AAP; Phenomenex, Torrance, CA, USA), and flame ionization detection, and crotonic acid (trans-2-butenoic acid) was used as the internal standard. The concentration of NH 3 -N was determined as described by Rhine et al. (1998) .
Statistical analysis
Data were analyzed using PROC MIXED procedure of SAS (SAS Institute Inc., Cary, NC, USA) with a model that included fixed effects of media pH, yeast, dose of yeast, two way and three way interactions, and the random effects of run. Contrasts were generated to compare the average of three doses of each yeast product versus Mon supplementation. The effect of increasing yeast inclusion was examined through linear and quadratic orthogonal contrasts using the CONTRAST statement of SAS. The PDIFF option adjusted by the Tukey method was included in the LSMEANS statement to account for multiple comparisons among yeast products.
Differences were declared significant at P ≤ 0.05, and trends were discussed at 0.05 < P ≤ 0.10.
Results
GP kinetics
Asymptotic GP volume and the rate constants are presented in Table 1 . Three way interaction among media pH, yeast product and yeast dose, and all two way interactions were significant (P < 0.01). However, although interactions between media pH and yeast product or yeast dose were noticed (P < 0.01), the asymptotic GP and rate constant were consistently greater (P < 0.01) at media pH 6.5 than pH 5.8 either within yeast product or within dose of each yeast product. Furthermore, there were also interactions (P < 0.01) between yeast product and dose for the volume and rate constant of GP. At pH 5.8, the asymptotic GP differed among yeast products depending upon dose (P < 0.05) in descending order of "LY2, YD4" > "LY1, LY3, YD5" at low dose; "LY1, LY2, YD4, YD5" > "LY3" at medium dose; and "LY2" > "LY3, YD4" > "YD5" and "LY1" = "LY2, LY3, YD4" > "YD5" at high dose. At pH 6.5, adding LY1 and LY2 at low dose, LY1 at medium dose, and LY1 and LY2 at high dose resulted in greater asymptotic GP volume versus other yeast products and doses. For the rate constant of GP, at media pH 5.8, there were also differences among yeast products (P < 0.05) in descending order of "LY2, YD4, YD5" > "LY1, LY3" at low dose; "YD5" > "LY2, YD4" > "LY1" > "LY3" at medium dose; and "LY2" > "LY1, LY3" and "LY1, LY2, LY3" = "YD4, YD5" at high dose. At pH 6.5, the rate constant of GP was, in descending order, "LY1, YD5" > "LY2, LY3" and "LY1, LY2, YD5" > "YD4" at low dose; "YD5" > other yeast products at medium dose; and "LY2, YD5" > "YD4" > "LY1, LY3" at high dose. Increasing doses of yeast supplementation consistently increased (P < 0.01) asymptotic GP volume and rate constant of GP. In addition, the average of each yeast product (low, medium, and high doses) had greater (P < 0.01) asymptotic volume and rate constant of GP compared with Mon supplementation.
In vitro DMD
In vitro 24 h DMD was greater (P < 0.01) at media pH 6.5 than pH 5.8 (Table 2 ). Three way interaction was not significant, whereas there were interactions (P < 0.01) between media pH level and yeast products, and between pH level and yeast dose. The DMD did not differ among yeast products at pH 5.8 regardless of dose; whereas, at pH 6.5, the DMD was ranked (P < 0.05) as "LY1, LY2" > "LY3, YD4, YD5" at low dose, "LY1, LY2, LY3, YD4" > "YD5" at medium dose, and "LY1 LY2" > "LY3, YD4" > "YD5" at high dose. A dose response of DMD was observed with LY2 (linear; P < 0.05), LY3 (linear; P < 0.03), and YD5 (linear, P < 0.01) at pH 6.5. Overall, adding yeast products compared with Mon improved (P < 0.03) in vitro DMD (47% vs. 44%) at pH 5.8, but reduced (P < 0.03) DMD (57% vs. 62%) at pH 6.5.
Concentration of VFA
Total VFA concentration in fermentation media after 24 h of incubation was greater (P < 0.01) at media pH 6.5 than pH 5.8 (Table 3) , which is consistent with greater GP and DMD at pH 6.5. Adding yeasts did not affect the total VFA concentration at pH 5.8, but it affected (P < 0.01) the VFA concentration at pH 6.5. The VFA concentration was greater (P < 0.05) for LY1 compared with LY3 and YD5 at the low dose, for LY2 and YD4 compared with LY3 at the medium dose, and for LY2 compared with LY3 and YD5 at the high dose. No three way interaction was noticed, but there was an interaction (P < 0.01) between the media pH level and yeast dose; increasing supplementation of LY2 at both pH levels and YD4 at pH 5.8 linearly (P < 0.01) increased the VFA concentration without the dose effects of other yeast products.
Compared with Mon, LY2 supplementation resulted in greater (P < 0.01) VFA concentration at both pH levels, and addition of LY1 and YD4 had greater (P < 0.01) VFA concentration at pH 6.5.
Ratio of acetate to propionate (A:P) was greater (P < 0.01) with pH 6.5 than with pH 5.8 (Table 3) . Differences in the ratio of A:P among yeast products were only observed at pH 5.8 and at high dose; the ratio of A:P was greater (P < 0.05) with LY1 and LY2 than with YD4 and YD5. A linear increase (P < 0.02) of the ratio of A:P was observed with LY2 at pH 5.8 with no dose effect of other yeast products. Adding Mon had lower ratio of A:P compared with LY1 (P < 0.05) and LY2 (P < 0.01) at both pH 5.8 and pH 6.5, and compared with YD4 and YD5 at pH 6.5 (P < 0.04). Interaction of media pH with yeast or its dose was not observed. Note: Means within a column, within a parameter, and within a pH level not sharing a lowercased letter differ significantly at the P < 0.05 level. Interactions: A, pH × Y × dose, P < 0.01, pH × Y, P < 0.01, pH × dose, P < 0.01, Y × dose, P < 0.01; C, pH × Y × dose, P < 0.01, pH × Y, P < 0.01, pH × dose, P < 0.01, Y × dose, P < 0.01. There were no interactions among three main factors or between media pH and yeast products on NH 3 -N concentration, which was slightly lower (P < 0.01) at pH 6.5 than pH 5.8 (Table 4) . However, there were interactions of yeast dose with pH and yeast product. Concentration of NH 3 -N did not differ among yeast products at low dose at either pH level. However, at medium dose and pH 5.8, concentration of NH 3 -N was greater (P < 0.05) for LY2 compared with LY1 and YD5, and at the high dose LY2 was greater than all other yeast products. At medium dose and pH 6.5, the concentration of NH 3 -N was greater (P < 0.05) for LY1, LY2, and LY3 compared with YD5, and at high dose it was greater for LY2 and YD4 compared with LY1 and YD5. The NH 3 -N concentration linearly increased with increasing dosage of LY1 (pH 6.5; P < 0.03), LY2 (pH 5.8 and pH 6.5; P < 0.01), LY3 (pH 6.5; P < 0.01), and YD4 (pH 6.5; P < 0.01). The concentration of NH 3 -N was also greater (P < 0.01) with all yeast products than Mon at pH 6.5, and it was greater (P < 0.01) with LY2 than Mon at pH 5.8 as well.
Rumen bacterial communities
The copy number of total bacterial 16S rRNA gene was greater (P < 0.03) on average at pH 5.8 than pH 6.5 (Table 5) . Similarly, the copy numbers of R. albus, R. flavefaciens, and S. ruminantium gene were also greater (P < 0.01) at pH 5.8 than pH 6.5. In comparison with control, supplementation of LY3, YD4, and YD5 tended (P < 0.06) to increase the number of total bacterial 16S rRNA gene copies at pH 5.8, but tended (P < 0.06) to decrease them at pH 6.5. The copy numbers of F. succinogenes and R. flavefaciens gene were increased (P < 0.05) and tended (P < 0.06) to be increased, respectively, by adding LY3, YD4, and YD5 compared with control at pH 5.8. Supplementation of YD4 and YD5 had greater (P < 0.01) and tended (P < 0.09) to have greater copy numbers of S. ruminantium and R. albus gene, respectively, compared with control at pH 5.8. In comparison with Mon, supplementation of LY3, YD4, and YD5 had greater (P < 0.05) copy number of F. succinogenes gene at pH 5.8. Moreover, supplementation of YD4 increased the copy number of S. ruminantium gene compared with Mon.
Discussion
The study was aimed at screening yeast-based probiotics and prebiotics by determining their effects on feed digestion, fermentation characteristics, and bacterial profiles in combination with media pH. A number of yeast products were examined at a range of doses to represent the range of commercial applications in ruminant production. The HG diet used in the present study typically represents the diets fed to finishing beef cattle in western Canada. Mean rumen pH in beef cattle ranges from 5.84 to 6.25 (Li et al. 2013; Yang et al. 2013) , thus the study was conducted using media pH of 5.8 and 6.5. The purpose of selecting this range in media pH was to determine whether responses to added yeast products differ according to ruminal pH conditions that are a result of diet formulation and feed processing. Ruminal pH is a key factor that alters the microbial population and fermentation end products. The final media pH after 24 h Note: Means within a column and within a pH level not sharing a lowercased letter differ significantly at the P < 0.05 level. Interactions: pH × Y × dose, P < 0.16; pH × Y, P < 0.01; pH × dose, P < 0.01. of incubation were 5.61 and 6.35 and close to the targeted low (5.8) and high pH (6.5) treatment, respectively, which suggests high buffering of fermentation media despite fermentation acids produced from substrate. The greater GP, DMD, and VFA concentration with pH 6.5 than pH 5.8 confirmed that higher ruminal pH favours rumen microbial activity, with pH 6.0 sometimes considered as a threshold value for subacute rumen acidosis because cellulolytic bacterial activity is adversely impacted at pH < 6.0 (Russell and Wilson 1996) . During acidosis, various microbial activities are compromised (Calsamiglia et al. 2012 ), especially cellulolytic activity, which is sensitive to low pH (Russell and Wilson 1996) . In the present study, a substantial increase in VFA concentration and A:P ratio occurred for all treatments when media pH increased from 5.8 to 6.5. Increased A:P ratio indicated acetate proportion increased at the expense of propionate proportion, suggesting an improvement of fibre digestion at pH 6.5. There is a paucity of information in the literature on the effects of media pH level and yeast activity. Narendranath and Power (2005) reported that a media pH ranging from 5.5 to 4.0 did not significantly affect growth rate of yeast (S. cerevisiae) during ethanol production. Yeast (S. cerevisiae) is generally considered as an acidophilic organism, and it actually grows better under acidic conditions with optimal pH ranging from 4 to 6, depending on temperature, the presence of oxygen, and the strain of yeast (Narendranath and Power 2005) . The present results showed interactions of media pH level with yeast strain and yeast dose. At both pH levels, there were beneficial effects of LY or YD supplementation on GP during the 24 h of fermentation, but this did not necessarily correspond to a beneficial effect on Note: Means within a column, within a variable, and within a pH level not sharing a lowercased letter differ significantly at the P < 0.05 level. Interactions: total VFA, pH × Y × dose, P < 0.99, pH × dose, P < 0.01; A:P, pH × Y × dose, P < 0.97. DMD. In fact, DMD was not affected by yeast supplementation at pH 5.8, and it was actually lowered for LY3 and YD5 at pH 6.5. The varied responses in GP and DMD to the five yeast products at the two pH levels indicate that the response of microbial digestion to yeast strains was media pH-dependant. These results suggest that a low media pH under the threshold value of subacute rumen acidosis has minimal impact on yeast activity and resulting rumen fermentation. Thus, adding yeast to HG-ruminant diets, when rumen pH is low, is not expected to have any detrimental effects on the metabolic activity of yeast products. Furthermore, greater copy numbers of total bacteria and of the two primary fibrolytic bacteria (R. albus and R. flavefaciens) due to yeast supplementation at low media pH versus high pH may indicate that yeast may confer beneficial effects on fibre digestion under conditions of subacute ruminal acidosis. The present results are consistent with both in vitro and in vivo studies (Callaway and Martin 1997; Lila et al. 2004) in which supplementing diets with S. cerevisiae resulted in an increase in the total number of anaerobic bacteria in general, and certain cellulolytic bacteria (F. succinogenes and R. albus) and fungi (Neocallimastix frontalis).
A number of modes of action have been proposed for the activity of LY or YD in the rumen (Vohra et al. 2016) . Live yeast scavenges oxygen within the rumen, thus stimulating the growth of anaerobic bacteria, which increases fibre digestion in the rumen and flow of microbial protein from the rumen (Newbold et al. 1995) . Yeast helps to stabilize rumen pH by reducing lactic acid producers and stimulating lactic acid utilizers, and thus alleviating incidence of subacute rumen acidosis. Yeast also provides growth factors such as B vitamins, organic acids, peptides, and amino acids for microbes (ChaucheyrasDurand et al. 2008) . Yeast derivatives that are hydrolysed and enriched in glucans and mannans have a prebiotic effect, and they can be effective in stimulating rumen fermentation (Oeztuerk 2009 ). In the present study, supplementation of LY2 improved DMD while LY3 or YD5 decreased the DMD at pH 6.5. Averaging over low, medium, and high doses of LY or YD, the DMD was the highest with LY1 (60.5%) and LY2 (62.9%), lowest with YD5 (54.3%), and intermediate with LY2 (58.4%), LY3 (57.0%), and YD4 (56.4%). Although YD5 was derived from the same strain (i.e., S. cerevisiae strain #407) as LY3, the DMD of YD5 was slightly lower (−5%; P < 0.10), suggesting different activities between LY and YD in in vitro ruminal fermentation. Previous reports showed inconsistent responses of ruminal digestibility to yeast addition. Lynch and Martin (2002) ) and S. cerevisiae live cells (0.35 and 0.73 g L −1 ) both decreased in vitro DMD of alfalfa hay at 48 h of incubation compared with control. Enjalbert et al. (1999) reported that supplementation of yeast culture (0.5% DM) had no effect on in situ DMD of a non-lactating cow diet. In contrast, increased ruminal microbial digestion by adding LY or YD was reported by Yoon and Stern (1996) . Desnoyers et al. (2009) found great variability in response to yeast Note: Means within a column and within a pH level not sharing a lowercased letter differ significantly at the P < 0.05 level. Interactions: pH × Y × dose, P < 0.99; pH × dose, P < 0.01; Y × dose, P < 0.01. addition, and that some yeast strains when added at higher doses and to HG diets were most effective. It is widely accepted that alterations of VFA profile in the rumen may indicate shifts in ruminal fermentation patterns (Kenney 2013) . Previous research on the effects of S. cerevisiae on total VFA concentration and A:P ratio in rumen fermentation has been inconsistent. The variable effects of S. cerevisiae may be attributed to strain, dose of yeast, type of diet, and whether it is LY or YD. In agreement with the results for DMD, the greatest total VFA concentration occurred for LY1 and LY2 at pH 6.5. These results are consistent with the report by Lila et al. (2004) , that increasing supplementation of a twin-strain of S. cerevisiae live cells from 0, 0.33, 0.66, 0.99 to 1.32 g L −1
linearly increased in vitro VFA concentration when corn starch, potato starch, or sudangrass hay was incubated. However, in the present study the linear dose response of total VFA concentration to addition of LY2 or YD4 doses did not correspond to similar responses in DMD. In batch culture with rumen inoculum, truly digested substrates are divided among VFA, gas, and microbial biomass produced. Gas measurements only account for substrate that is used for VFA and gas. Therefore, total VFA concentration and total GP can be considered only as an estimate of apparent rumen digestibility, while loss of DM from the residue is an indication of true rumen digestibility (Blümmel and Ørskov 1993 ).
An increased ratio of A:P by adding LY2 is also in agreement with Opsi et al. (2012) who observed an increased A:P ratio by adding LY in in vitro fermentation of highforage diet. The increased A:P ratio by adding LY or YD may be due to greater population numbers of fibrolytic ruminal bacteria. The stimulation of fibrolytic ruminal bacteria could increase the fermentation of structural carbohydrates resulting in greater ratio of A:P. The observed increase in VFA concentration and ratio of A:P with added LY2 are supported with greater copy numbers of fibrolytic bacteria (F. succinogenes and R. flavefaciens). However, the increased copy numbers of fibrolytic bacteria did not increase DMD and VFA concentration. Although the copy numbers of total bacteria, R. albus and R. flavefaciens were greater at pH 5.8 than pH 6.5, the ratio of A:P was actually lower at pH 5.8. Greater number of fibrolytic bacteria is expected to favour fibre digestion, and thus, higher ratio of A:P was expected. Consistent with the present results, Vyas et al. (2014) reported no treatment differences in ruminal VFA concentration and profile when control, LY, and YD were compared with beef cattle fed diets containing equal forage and concentrate even though the proportion of R. flavefaciens in solid rumen contents was greater with YD. Improvement in microbial digestion of feed may be either due to production of enzymes by probiotics or alterations in rumen microbial ecology. The most widely accepted mode of action of feeding Mon to ruminants is the increase of propionate production and thus reduction of ratio of A:P, and decrease in both NH 3 -N concentration and methane production (Quinn et al. 2009 ). Altering GP is also a widely reported response to Mon (Schelling 1984) ; however, in the present study GP was only slightly different between control and Mon. Furthermore, other variables measured were also similar between control and Mon. The lack of evident effect of Mon versus control may be attributed to the use of HG substrate in this study. In recent years, the level of Mon supplementation in beef cattle diets has increased (Duffield et al. 2012 ) because feeding high-energy density diets is believed to be less responsive to Mon addition (DiLorenzo and Galyean 2010). The reduced Mon response has been attributed to a reduced change in ruminal fermentation end products as a result of increased grain feeding or addition of dietary fat. Both these feeding practices also decrease the ratio of A:P and methane production, and hence the potential for marginal improvement from addition of Mon is less than when high-forage diets are fed. Yang et al. (2014) reported increased molar proportion of propionate with elevated levels of Mon (44 mg kg −1 diet DM) but not with the recommended level of Mon (28 mg kg −1 diet DM) when a HG diet was fed to beef cattle. The overall differences in variables measured in the present study between yeast and Mon suggest that yeast has different modes of action and possibly different optimum fermentation conditions compared with Mon. Although DMD was overall lower with yeast than Mon addition at pH 6.5, the improved DMD along with VFA production by adding yeast versus Mon at pH 5.8 is particularly of interest in this study, because rumen pH is often below 6.0 in cattle fed HG diets. Furthermore, the greater A:P ratio with LY1 and LY2 than Mon at pH 5.8 suggests a fermentation pattern consistent with more fibre digestion with yeast supplementation.
Conclusions
Low media pH of 5.8 inhibited rumen microbial activity and resulted in lower GP, DMD, total VFA concentration, and ratio of A:P compared with media pH 6.5. Interactions of media pH level with yeast strain and dose of yeast product were observed for the different variables measured. The effect of yeast supplementation on rumen fermentation varied with yeast strain, LY versus YD, and dose of yeast product. The LY2 (MUCL39865) strain appeared to be the good candidate in terms of improving feed digestion in the rumen, because of its highest DMD along with greater VFA concentration. The greater ratio of A:P suggested that the improved DMD of HG diet by supplementing LY2 might be due to improved fibre digestion. The differences in GP, DMD, and fermentation variables between yeast and Mon suggest differences in mode of action in the rumen. Improved DMD along with greater VFA production by adding yeast products versus Mon at pH 5.8 is of particular interest because ruminal pH is typically below 6.0 in cattle fed HG diets. Further research is warranted to understand the mechanisms by which yeast products improve rumen fermentation under different rumen environments, as well as their potential to improve cattle performance and animal health.
